Marine invertebrates-associated microorganisms were considered to be important sources of marine bioactive products. This study aims to isolate marine invertebrates associated bacteria with antimicrobial activity from the Red Sea and test their biosynthetic potential through the detection of PKS and NRPS gene clusters involved with the production of bioactive secondary metabolites. In this respect, fifty bacterial strains were isolated from eight different Red Sea marine invertebrates and screened for their antimicrobial activity against standard pathogenic bacteria (Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, Bacillus subtilis ATCC 6633) and yeast (Candida albicans ATCC 10231) using the standard well diffusion assay. Five isolates showed antifungal activity against Candida albicans with no activity recorded against other pathogenic bacterial strains. On the other hand when these isolates were screened for the presence of biosynthetic gene clusters (PKS and NRPS) by PCR using five sets of degenerative primers, 60% of the isolates were shown to contain at least one type of PKS and NRPS gene clusters, which indicates the biosynthetic potential of these isolates even if the isolates didn't express any biological activity in vitro. Moreover the 16S rRNA molecular identification of the isolates reveal the biodiversity of the red sea marine invertebrates associated bacteria as they were found to belong to several bacterial groups present in Alphaproteobacteria, Gammaproteobacteria, Actinobacteria and Firmicutes.
Introduction
Antimicrobial resistance (AMR) is a critical global threat which decreases the opportunities for the treatment of infectious diseases caused by viruses, bacteria, and fungi [1, 2] . A World Health Organization (WHO) global surveillance report pointed to an increase of morbidity and mortality of infectious diseases due to AMR, which could result in a world-wide economic loss of up to 100 trillion US dollars (USD) in 2050 due to a 2%-3% reduction in the gross domestic product [2, 1] . It is estimated that AMR now annually contributes to 700,000 deaths worldwide, with a potential increase to 10 million in 2050 [1] .
Therefore, the discovery of new types of antimicrobial compounds with clinical significance is urgent [3, 4] . Previously, terrestrial resources have been extensively investigated for the discovery of new bioactive compounds [5] . However, now-a-days, isolation of new sources of antimicrobial and other bioactive compounds from marine environments is increasing rapidly and still under investigation [6] .
The marine environment covers more than 70% of planet surface and it harbors high biodiversity as among the 36 known living phyla, 34 of them are found in marine environments with more than 300,000 known species of fauna and flora [7] .
Marine macro-organisms such as sponges, tunicates, soft and hard corals, bryozoans, sea slugs and other invertebrates have proven to be important sources of natural bioactive products [8, 9] . However, The availability of biomass is a restricting factor for isolating these natural products [10] . In the case of bryostatin,13,000 kg of Bryozoans neritina is needed to obtain only 18 g of bryostatin for anti cancer clinical trials [11] . On the other hand, mounting evidence suggests that many of the compounds originally associated with the biomass of the marine invertebrates are not produced by the organism itself but are synthesized by symbiotic or associated microorganisms, or derive from a diet of microorganisms [12] . Thus, marine invertebrate-associated microorganisms are considered important sources of marine bioactive products.
It was reported that about 230 marine natural bio-products have been isolated from 2009 to 2011, and most of them (about 102 compounds) have shown significant antimicrobial activities [13] .
Moreover, the Red Sea is found to have geochemical and physical parameters which make it a unique marine environment in comparison to other marine ecosystems [14] . It is characterized by a high temperature which varies from about 24 C in spring and up to 35 C in summer (at the surface) to 22 C (from 200 m to the bottom), and high salinity (approximately 41 PSU) [15, 16] , due to the high rate of evaporation, low level of precipitation and lack of major river inflows [14] . Red sea is also characterized by unique coral reef systems and seasonal fluctuation of air [17] . As a result of these factors, the Red Sea enjoys unique microbial diversity with unique primary and secondary metabolites [18] .
It was found that the microorganisms production of many biologically active secondary metabolites require the activation of specific gene clusters encoding multi-modular enzymes. These gene clusters may be in the form of non-ribosomal peptide synthetases (NRPS) and polyketide synthases (PKS). In order to produce these types of secondary metabolites, a set of domains are required within the bacterial biosynthetic pathways; these include ketosynthase (KS), acyltransferase (AT) and acyl carrier proteins in PKSs and adenylation (A), condensation (C) and peptidyl carrier proteins (PCPs) for peptide elongation in NRPSs [19] . Interestingly, antibiotic compounds such as tetracycline and erythromycin, anticancer agent, e.g., bleomycin and the immunosuppressive agent, e.g., rapamycin [20, 21] were reported to be produced from PKS and NRPS pathways.
In this article, actinomycetes and bacteria were isolated from different Red Sea marine invertebrates and their metabolic extracts were tested for antimicrobial activity against different pathogens. Further, the isolated microorganisms were tested for the presence of polyketide synthases (PKSs) and non-ribosomal peptide synthetases (NRPSs) coding for multifunctional enzymes which are involved in the synthesis of a wide range of structurally diverse natural compounds, many of which are found to have medical importance [22] .
Materials and methods

Samples collection
On February 2014, specimens of eight different marine invertebrates (from two soft corals, a tunicate, a sponge and four hard corals) were collected from Red Sea at El-Tor, Sinai, Egypt at GPS location (28 13 0 42.8 00 N 33 37 0 19.4 00 E) in a water depth of 2-3 m. Samples were cut with a sterile dive knife and individual pieces were transferred to sterile plastic sample collection bags, brought to the surface and maintained at ambient seawater temperature until they were transferred to the laboratory within 7 h.
Sample processing and isolation of associated bacteria
Each sample was rinsed with sterile natural seawater (NSW) to remove transient and loosely attached bacteria. One cm 3 of each sample was homogenized with 9 ml of sterile NSW in a sterile mortar then a tenfold serial dilution was carried out using NSW to obtain dilutions varying from 10 À1 to 10 [24] . All media were prepared by using NSW except Marine and R2A agar, and all except Marine agar were supplemented with 0.2 mm pore size filter sterilized cycloheximide (100 mg/mL), nystatin (25 mg/mL) and nalidixic acid (25 mg/mL). Cycloheximide and nystatin were added to inhibit fungal growth; while nalidixic acid inhibits many fastgrowing Gram-negative bacteria [25] then plates were incubated at 30 C for 6-9 weeks in aerobic condition. The growing colonies were picked and serially streak-plated on agar plates until pure colonies were achieved. For preservation the purified colonies were cultured on liquid media (media on which colonies were initially isolated) and supplemented with 15% (v/v) glycerol then stored in À80 C [26] .
Metabolic extract preparation and screening for antimicrobial activity
The isolates were cultured in 50 mL of liquid media (the media on which the colonies were initially isolated). Cultures were incubated for 2-10 days depending on their growth rate at 30 C while shaking at 150 rpm (New Brunswick scientific Innova * 43 incubator shaker, USA). The isolates were left in the incubator shaker 3-4 days after their growth to release their metabolites in the culture media. An equal volume of methanol was added to the liquid cultures for cell lysis and shaking was continued (150 rpm, 1 h at room temperature). The broth was centrifuged in 50 mL falcon tubes (5000 rpm, 15 min at room temperature), the supernatant was evaporated and the extract was dissolved in 20 mg/ml of DMSO.
The antimicrobial activity testing was carried out using the standard well diffusion assay as described by Flemer et al. [27] .
Briefly, 150 ml of 20 mg/ml metabolic extract of each isolate was tested against 500 ml of standard pathogenic bacteria (OD at ƛ650 nm = 0.45) (Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, Bacillus subtilis ATCC 6633) and yeast (Candida albicans ATCC 10231). Muller-Hinton agar medium was used for testing all pathogenic strains and negative control of DMSO as a solvent of the extract was included. The antimicrobial activity was recorded by measuring the inhibition zone diameter after incubation at 37 C for 24 h for bacteria and 48 h for Candida albicans.
Genomic DNA extraction from marine invertebrates associated bacterial isolates
Due to the different natures and characters of the marine bacterial isolates, their genomic DNA were extracted using two different protocols; DNA of some isolates were extracted using QIAamp DNA mini kit (Qiagen, Germany) according to the manufacturer protocol while the other isolates DNA were extracted as described by Maloy [28] . Moreover, DNA of the isolated actinomycetes were extracted using the protocol described by Pospiech and Neumann [29] . DNA quantity and purity were determined using NanoDrop TM 1000 Spectrophotometer V3.7
(Thermo Fisher Scientific Inc, USA).
Amplification of biosynthetic genes (PKS and NRPS) from extracted DNA
Five sets of degenerative primers (Macrogen Inc, Korea) (listed in Table 1 ) -A degenerative primer is a mixture of oligonucleotide sequences in which some positions contain a number of possible bases and according to the International Union of Pure and Applied Chemistry (IUPAC) system for degenerate bases we can insert a single-letter code to represent our unknown region as for example Y is code for C or T while V is code for A,C or G -were used for amplification of PKS-I, PKS-II and NRPS. These NRPS and PKS primers target the A and KS domains, respectively. DNA of the reference strain Streptomyces hygroscopicus ATCC 29253 was used as a positive control for the presence of PKS and NRPS gene C for 2 min with a final extension of 8 min at 72 C. All the PCR reactions were performed in (BIO-RAD T100TM Thermal cycler, Singapore) in 25 ml aliquots containing 12.5 ml of PCR Master Mix (BIOLINE, Meridian Life Science Inc, USA), 1 ml of forward primer, 1 ml of reverse primer (each primer of 10 pmol), 1 ml of 100 ng/ml DNA and RNase-free water to final volume of 25 ml. PCR amplicons were analyzed by electrophoresis in 1.2% (w/ v) agarose gel with a molecular size marker 100 bp (Cleaver scientific, Ltd, UK).
Cloning and sequencing
Amplified PKS-II fragments of bacterial isolate (74) were cloned with the TOPO TA cloning kit (Invitrogen, USA, cat. no.450030) according to the manufacturer's instructions, transformed into chemical competent E. coli DH5α which was prepared as indicated by Sambrook et al. then plasmids were isolated by following the Qiaprep Spin Miniprep kit manufacturer protocol (Qiagen, Germany, cat.no.27104) and checked for inserts by PCR using M13F and M13R primers (Invitrogen,USA). Plasmids with positive inserts were sent to (Solgent co.Ltd, South Korea) for sanger sequencing from both sides using M13F and M13R primers.
Amplification of partial 16S rRNA gene products
The extracted DNA of 10 isolates found to possess the three types of the biosynthetic genes (NRPS, PKS-I and PKS-II) gene fragments were used as a template for the amplification of approximately 1500 bp of the 16S rRNA gene fragment by polymerase chain reaction (PCR) using the universal bacterial primers 27 F and 1492R (Macrogen, Korea) ( Table 1) . PCR was carried out under the following conditions: initial denaturation at 94 C for 5 min, followed by 30 cycles of 94 C for 45 s, 53 C for 45 s and 72 C for 1.5 min, with a final extension 72 C for 10 min. PCR amplicons were analyzed by electrophoresis in 1.0% (w/v) agarose gel against a molecular size marker 100 bp (Cleaver scientific, Ltd, UK). Where the bands were detected at 1500 bp then the amplicons were sent to (Solgent co.Ltd, South Korea) for purification and Sanger sequencing from both sides using 27 f and 1492r primers.
Phylogenetic analysis
Vector contamination in the sequencing result of the amplified PKS-II fragment of bacterial isolate (74) was detected using VecScreen tool at the National Center of Biotechnology Information (NCBI) then removed and the full sequence of KS domain and of 16S rRNA fragment were assembled using (DNA baser assembler V4). All Sequences were analyzed using Blast x (for PKS-II) and Blast n (for 16S rRNA) tools at NCBI then phylogenetic trees were constructed using Molecular Evolutionary Genetics Analysis (MEGA) 7 program [31] . 
Results
Isolation of marine invertebrates associated bacteria and actinomycetes
A total of 50 bacterial isolates were obtained from 8 different marine invertebrates. The highest proportion of the strains (56%) were recovered by using R2A agar media (Difco) followed by 26% by Marine agar (Difco) and 12% by Actinomycete isolation agar (Difco) while each of media M1, ISP2 and Starch casein agar recovered only one strain. The data about the isolates and their source were illustrated by Fig. 1. 
Anti-microbial activity
The metabolic extract of the isolated strains were tested against standard pathogenic bacteria (Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, Bacillus subtilis ATCC 6633) and yeast (Candida albicans ATCC 10231) using the standard well diffusion assay. Five isolates showed antifungal activity against Candida albicans ATCC 10231 as shown in Fig. 4 with no activity recorded against other pathogenic bacterial strains. The measurements of the inhibition zone diameters of the 5 bioactive strains were illustrated in Table 2 .
Detection of PKS and NRPS biosynthetic genes
All isolated strains were tested for the presence of biosynthetic gene clusters (PKS and NRPS) as the presence of these genes indicates the biosynthetic potential of these isolates, even if the isolates didn't express any biological activity in the screening test. The KS domain was successfully amplified from 38% (for PKS-1) and 54% for (PKS-II) of the DNA template of the 50 isolates, while 38% of the isolates showed positive amplification of the NRPS A domain. 27% of the strains showing positive PCR amplification had a single type of biosynthetic gene cluster (PKS-I, 2 strains; PKS-II, 5 strains; NRPS, only one strain) while the remaining positive strains had two or more of the biosynthetic gene clusters: 13% possessed both PKS-I and PKS-II; 3% had both PKS-I and NRPS; 17% had both PKS-II and NRPS while 40% of the positive strains had all the three biosynthetic gene clusters. The results of the antimicrobial screening and the PCR amplification of the biosynthetic genes are illustrated in Table 4 (Appendix A. Supplementary data).
Cloning, sequencing and sequencing analysis of PKS KS domains
The PKS-II KS domain of isolate 74, which was amplified using primers (PF6-PR6), was chosen to be cloned and sequenced to confirm the result of the PCR amplification. The sequence analysis using BLAST x tool at (NCBI) showed that the amino acid sequence of this gene fragment had 96% identity with type II PKS of Nocardiopsis dassonvillei subsp. Albirubida (accession No. AGO59067.1) and the phylogenetic tree of this KS domain was constructed (see Fig. 2 ).
16S rRNA gene analysis
Ten isolates of those showing positive amplification of the three classes of the biosynthetic genes (PKS-1, PKS-II and NRPS) were selected to be identified through the sequencing of the PCR amplified 16S rRNA and analyzing the sequences using BLAST n tool at NCBI to construct a phylogenetic tree (Fig. 3) . The results obtained from the sequence analysis are represented in (Table 3) . The isolates were found to belong to different bacterial groups as 40% of the isolates were found to belong to Actinobacteria, 20% to Alphaproteobacteria, 10% to Gammaproteobacteria, and 30% to Firmicutes.
Nucleotide sequence accession numbers
The sequences of the 16S rRNA presented in this study were deposited in GenBank and have accession numbers of (MH040868, MH040869, MH040870, MH040871, MH045063, MH045064, MH045263, MH045264, MH046783 and MH046784) for the isolates (51,130, 80 25, 131, 184, 73, 74, 75 and 49) respectively.
Discussion
The aim of this study was to isolate marine invertebrate associated bacteria with antimicrobial activity from Red Sea and test their biosynthetic potential through the detection of PKS and NRPS gene clusters involved with the production of bioactive secondary metabolites. In agreement with Palomo et al. [38] , high percentage of the isolates (60%) were shown to contain at least one type of PKS or NRPS, while only five isolates, representing 10% showed antimicrobial activity against Candida albicans ATCC 10231. However, this low percentage of the antimicrobial bioactive isolates conflicts with the observations of other previous studies [39, 40] which screened Red Sea marine invertebrates associated bacteria and actinomycetes for having antimicrobial activity as Abdelmohsen et al. reported that 35% of the tested actinomycetes isolated from Red Sea sponges were found to have antimicrobial activity [39] while ElAhwany et al. reported that 80% of the tested strains isolated from Red Sea corals showed activity against at least one indicator pathogen used in their screening [40] .
Depending on the studies which considered that the presence of the biosynthetic gene clusters (PKS and NRPS) in the genomic DNA of an organism is an indication for the biosynthetic potential of that organism to produce bioactive metabolites [41] [42] [43] , there may be two explanations for the previous results of our study. The first one is that the products may have another activity rather than the antimicrobial such as antitumor activity as discussed in the study of El-Moneam et al. which reported a relation between cytotoxic bioactivity of the Red Sea Sponge, Hyrtios aff. Erectus associated bacteria and the presence of associated bioactive metabolic pathways genes related to polyketides [44] . As well, Sagar et al. and Abdelfattah et al. support this previous probability as both of them reported a potent activity against cancer cell lines of a red sea derived strains of Sulfitobacter sp. and Nocardiopsis sp. respectively while, in our study isolate (49) which was molecularly identified as a strain of Sulfitobacter sp. and isolates (74) and (130) which were identified as strains of Nocadiopsis sp., found to possess three different types of biosynthetic genes (PKS-1, II and NRPS) [45, 46] . The second explanation may be due to the poor expression or repression of the biosynthetic gene clusters, many biosynthetic genes remain silent and are not expressed in vitro until they are activated by stimuli [47] , such as providing proper cultivation conditions as reported by Dashti et al. [48] .
As a result of these explanations, it is recommended to screen for further targets to reveal other biological activities of these isolates or use appropriate cultivation conditions to activate the expression of the silent gene clusters. In terms of the phylogenetic analyses of the 16S rRNA sequences of the isolates, it revealed the biodiversity of the Red Sea marine invertebrate associated bacteria as they were found to belong to several bacterial groups represented in Alphaproteobacteria, Gammaproteobacteria, Actinobacteria and Firmicutes. Additionally, isolates belong to species of Vibrio, Sulfitobacter, Kocuria and Nocardioposis were found to possess the three different types of biosynthetic gene clusters (PKS1, II and NRPS) and this was in agreement with being well Fig. 3 . Molecular rooted phylogenetic 16S rRNA gene tree analysis by Maximum Likelihood method. The tree was rooted using the 16S rRNA partial gene sequence of Aquifex pyrophilus strain kol5a (NR 029172.1). The evolutionary history was inferred by using the Maximum Likelihood method based on the Kimura 2-parameter model [37] . The percentage of trees in which the associated taxa clustered together in the bootstrap test (10,000 replicates) is shown next to the branches. Evolutionary analyses were conducted in MEGA7 [31] .
known for their production of bioactive secondary metabolites [38, 45, [49] [50] [51] [52] .
Conclusion
The presence of the biosynthetic gene clusters (PKS or NRPS or both) in 60% of the strains isolated from Red Sea invertebrates indicates the high biosynthetic potential of these isolates to produce bioactive metabolites with either antimicrobial activity or any other biological activities. This was supported by the presence of these genes in isolates (74, 75 and 25) which showed antimicrobial activity in the standard well diffusion assay and this is considered as an indication for the high value of these isolates in further studies. As well, the Red Sea marine invertebrates showed high biodiversity revealed by the 16S rRNA molecular identification of a number of the isolated strains associated with these animals.
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